In this paper the open-water characteristics of the Wageningen B-series propellers are given in polynomials for use in preliminary ship design studies by means of a computer. These polynomials were obtained with the aid of a multiple regression analysis of the original open-water test data of the 120propeller models comprising the B-series. All test data was corrected for Reynolds effects by means of an'equivalent profile' method developed by Lerbs. For this Reynolds number effect additional polynomials are given. Criteria are included to facilitate the choice of expanded blade area and blade thickness. Finally, a number of new type of diagrams.are given with which the optimum diameter and optimum RPM can easily be determined.
Introduction
In preliminary ship design studies in which the ship size, speed, principal dimensions and proportions are to be determined, the application of computers is rapidly increasing. Here, the hydrodynamic aspects, including resistance data, wake and thrust deduction data and the propeller characteristics are of importance.
In this paper the characteristics of screw propellers are given in a form suitable for use in preliminary design problems. These characteristics are obtained from open-water test results with the Wageningen B-screw series [1]**). B-series propellers are frequently used in practice and possess satisfactory efficiency and adequate cavitation properties. At present about 120 screw models of the B-series have been tested. Some years ago the fairing of the B-screw series test results was started by means of a regression analysis. In addition, the test results were corrected for Reynolds number effects by using a method developed by Lerbs [2] . Preliminary results of these investigations were given by Van Lammeren et al [3] and by Oosterveld and Van Oossanen [4] .
The fairing of the B-screw series test results has now been completed. The thrust and torque coefficients K T and KQ of the screws are expressed as polynomials in the advance ratio J, the pitch ratio P/D, the blade-area ratio A E /AQ, and the blade number Z. In addition, the effect ") Netherlands Ship Model Basin. Wigeningen. the Netherlands. **) Numbers to brae keu refer to the list of reference* at the end of this paper.
of Reynolds number and of the thickness of the blade profile at a characteristic radius is taken into account in the polynomials. As such the following relations have been determined: (1) ., A E /A O , Z, R n , t/c) = f 2 (J,P/D, A E /A 0 , Z, R n , t/c)
Geometry of B-series screws
A systematic screw series is formed by a number of screw models of which only the pitch ratio P/D is varied. All other characteristic screw dimensions such as the diameter D, the number of blades Z, the blade-area ratio A E /AQ, the blade outline, the shape of blade sections, the blade thicknesses and the hub-diameter ratio d/D are the same. These screw series now comprises models with blade numbers ranging from 2 to 7, blade area ratios ranging from 0.30 to 1.05 and pitch ratios ranging from 0.5 to 1.4. Table 1 gives the overall geometric properties of the original Wageningen B-series. The required coordinates of the profiles can be calculated by means of formulas, analogous to the formulas given by Van Gent and Van Oossanen [5] Figure 1 . Definitionof geometric blade section parameters of Wageningen B-and BB-series propellers.
for P > 0
(3)
From Figure 1 it follows thai: y face' y back = vertical ordinale of a point on a blade section on the face and on the back with respect to the pitch line, t = maximum thickness of blade section, t, t, = extrapolated blade section thickness at the trailing and leading edges, V,, Vo = tabulated functions dependent on r/R and P, P = non-dimensional coordinate along pitch line from position of maximum thickness to leading edge (where P=l), and from position of maximum thickness to trailing edge (where P = -1). Values of V^ and V 2 are given in Tables 2 and  3 . The values of tj e and t t e are usually chosen in accordance with rules laid down by classification societies or in accordance with manufacturing requirements. In conjunction with the geometry of this propeller series, it is remarked that at the Netherlands Ship Model Basin modified B-series propellers are now used and designed, which have a slightly wider blade contour near the blade tip. These propellers are denoted as 'BB' propellers. For the sake of completeness. Table 4 is included which gives the particulars of this series. The performance characteristics of these BB-series propellers may be considered identical with the original B-series propellers. The open-water efficiency is defined as:
Theeffectof a Reynolds number variation on the test results has been taken into account by using the method developed by Lerbs [2] .from the characteristics of equivalent blade sections, This method has been followed also in References 7. 8. 9 and 10. In the Lerbs equivalent profile method the blade section at 0.75R is assumed to be equivalent for the whole blade. At a specific value of the advance coefficient J, the lift and drag coefficient CT andCrj and the corresponding angle of attack a. for the blade section, are deduced from the Kj-and KQ -values from the open-water test.
Reynolds number effects are only considered to influence the drag coefficient of the equivalent profile. It is furthermore assumed that this influence is in accordance with a vertical shift of the C D -curve, equal to the change in the minimum value of the drag coefficient. This minimum value is for thin profiles composed of mainly frictional resistance, the effect of the pressure gradient being small. According to Hoerner [11], the minimum drag coefficient of a profile is:
0.075 (6) 
Cf is the drag coefficient of a flat plate in a turbulent flow and the term 1 +2-represents c 0.75R theeffectof the pressure gradient; C-»-R is the chord length at 0.75R and v the kinematical viscosity.
On setting out the minimum value of the drag coefficient as obtained from the polar curve for each propeller on a base of Reynolds number, a large scatter is apparent as shown in Figure 2 . When this minimum value of the drag coefficient A E /A 0 is set out againstfor each pitch-diameter ratio, it is seen that below a specific value of the blade area-blade number ratio an increase in the CTJ . value occurs. For a pitch-diameter ratio equalio 1.0, this is shown in Figure 3 . The existence of such a correlation of the Cpj . value withpropellergeometry points to the fact that the scatter in Figure 2 is not entirely due to Reynolds number effects and experimental errors. It is obvious that the drag coefficient is influenced by a three-dimensional effect. It is necessary, therefore, before correc ting for Reynolds number according to the given equations, to subtract this three-dimensional effect from the CQ , value. An estimation of this effect was obtained by applying regression analysis of which the results are given by Van Oossanen [6] . The thus obtained lift and drag coefficients were each expressed as a function of blade number, blade area ratio, pitch-diameter ratio and angle of attack in polynomials by means of a multiple regression analysis method. By applying this process in reverse, thrust and torque coefficient values were then calculated. The basis for this reverse process was formed by calculating C, and C D coefficients from the C^ and C J-J polynom- This was performed for Reynolds numbers equal to 2xlO 7 , 2xlO 8 and 2x10 9 for a selected grid of J, P/D, A £ /AQ and Z-values. Together with the values for 1^ = 2xlO 6 , these K T and KQ values formed the input for the determination of a Ky and KQ polynomial for the additional Reynolds number effect above 2x10 . These poly-nomials are given in Table 6 . The actual value to be substituted into these polynomials is the common logarithm of the actual Reynolds number. Thus if Rn = 2x10 7 , the value to be substituted is 7.3010.
To demonstrate how the Reynolds number effect is dependent on the number of propeller blades, the blade area ratio, the pitch-diameter ratio and the advance coefficient, diagrams have been prepared each of which gives the effect of one of these parameters on Kj and KQ with increasing Reynolds number. The effect of the number of blades is shown in Figure 4 while the effect of the expanded blade area ratio is shown in Figure 5 . Figure 6 gives the effect of the pitchdiameter ratio and Figure 7 shows the effect of the advance coefficient J. The results shown are for the propellers grouped around the B5-75 <Z5 _ A /AQ = 0.75) propeller with a pitch-diameter ratio of 1.0, working at an advance coefficient equal to 0.5. Table 5 Coefficients and terms of the Ky and KQ polynomials for the Wageningen B-screw Series for R n =2xl0 6 . It should be noticed that the increment in K-, (AK-) and the increment in K~ (AK Q ) presented in Figures 4 to 7 are relative to a Reynolds number value of 2x10*\ The value of the Reynolds number is determined by equation 10. Strictly, therefore, the AK T and AKQ values for a Reynolds number equal to 2x10^ should equal zero. As shown in Figures 4 to 7 , this is not the case. This is due to the difficulty in multiple regression analysis methods to prescribe that the resulting relation musthave a specific value for a particular combination of values for the independent variables.
Effect of variation in blade thickness on propeller characteristics
The effect of blade thickness on the thrust and torque coefficients can be determined in an analogous manner as used to determine the effect of Reynolds number as described in section 4. A change in the t/c-value of the equivalent propeller blade section at 0.75R is again only considered to influence the value of the minimum drag coefficient. Thus, as was the case in analysing the effect of Reynolds number, the drag coefficient of the equivalent blade section as a function of angle of attack (or advance ratio) is shifted vertically upwards or downwards in accordance with the change in the value of the minimum drag coefficient C D . . This situation, therefore, leads to the idea öiat the effect of a specific change in the t/c-value at 0. 75R can be represented by a specific change in Reynolds number.
The polynomials given in Tables 5 and 6 Thus, when it is assumed that an increase or decrease in blade section thickness (relative to equation 11) does not influence the effective camber and pitch, the effect on thrust and torque can be ascertained by calculating an effective newvalue for the Reynolds number according to equation 12 and then determining, by means of the polynomials presented in Table 5 and Table 6 , the associated values of Kj and KQ.
Choice of blade area ratio based on cavilalion criteria
A reasonable indication as to the required blade area ratio of fixed pitch propellers can be obtained by means of a formula given by Keller [12] , viz:
A E (1.3+0.3Z)T + K 
Choice of characteristic thickness chord length ratio based on cavitation criteria and strength
In a number of previous studies [13, 5] , it is shown that the minimum allowable blade section thickness based on strength criteria does not give the largest margin against cavitation when operating in a non-uniform velocity field. In a propeller design the proper compromise between the conflicting characters of thick blade sections (having a large cavitation-free angle of attack range) and thin blade sections (being free of cavitation at low cavitation numbers at shock-free entry of the flow) must be made.
For every type of thickness and camber distribution used, there is only one optimum t/cvalue for a specific value of the cavitation number. For propeller blade sections with an elliptic type of thickness distribution the optimum t/cvalue, giving the largest cavitation-free lift coefficient range, can be approximately given by: The resulting thickness-chord length ratio of the equivalent blade section at 0.75R must also possess satisfactory strength properties. Many methods have been devised to determine the minimum acceptable value of the blade thickness at various propeller radii. However, in this preliminary design stage, in which the only interest of the naval architect is focussed on a parametric study to determine overall propeller parameters, it is quite sufficient to use a very simple formula to ensure that the chosen t/c-value is not too small. In this regard it should be noticed that for normal merchant ships equation 14 always leads to larger t/c-values than, e.g., the t/c-value for the B-series according to equation 11.
A simple formula for the minimum blade thickness at 0.75R can be derived from Saunders [14] . In this formula the bending moment due to the centrifugal force effect is neglected, which is correct only for propellers with zero rake. The additional formula for the chord length for de-termining the minimum value of t/c at 0.75R is:
8. Diagrammatical representation of polynomials: determination of optimum diameter and optimum propeller revolutions For many purposes, it is still useful to have at one's disposal diagrams giving the characteristics of open-water tests. It was, therefore, decided to make a new set of diagrams for the Bseries based on the K T and K" polynomials given in Tables 5 and 6 . Figure 8 gives the K^-KQ-J diagram of the B5-75 propeller for a Reynolds number of 2xlO 6 . For the case that the optimum propeller diameter is to be calculated when the power, the rotative propeller speed and the advance velocity is specified, use is generally made of the variables B D , and 5 defined as: Table 5 (R n = 2 x 10 6 ). Table 5 (R n = 2xl0 6 ) for determination of optimum diameter. The square root of B is adopted since then a linear scale can be used in the resulting diagrams for this variable. Figure 9 shows the result for the B5-75 propeller for a Reynolds number of 2x10 6 . In the case that the optimum propeller speed is to be determined when the power, the propeller diameter and the advance velocity is specified, use can be made of the power constant B , defined as: (20) in which the variables P, D and V^ are defined as in equations 18. This power constant can be replaced by the non-dimensional expression as follows:
Here also the square root of B p is adopted since then a linear scale on the horizontal axis can be used in the resulting diagram. Figure 10 shows the result for the B5-75 propeller for a Reynolds number of 2xlO 6 . At the Netherlands Ship Model Basin, diagrams of the type shown in Figures 9  and 10 have been prepared for all B-series propellers for a Reynolds number value of 2x10^.
A diagram giving the values of the pitch-diameter ratio P/D, the open-water efficiency n 0 and J , corresponding to the value of the optimumdiameter, based on KQ' • J', is given in Figure 11 . Figure 12 gives the analogous diagram for the value of the optimum number of revolutions . Both diagrams are for the 5-bladed B-series propellers.
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